Abstract-We present results from a user study that compared four visualization methods for three-dimensional vector data. Using visualizations from each method participants performed five simple but representative tasks: 1) determining whether a given point was a critical point, 2) identifying the type of a critical point, 3) determining whether a point advects through another, 4) determining whether there is swirling movement at a point, and 5) determining which of two points the vector field is moving faster at. The visualization methods were lines and tubes with both monoscopic and steroescopic viewing. While participants reported a preference for stereo lines, quantitative results showed varying performance by the methods among tasks. We found that users performed these tasks better with methods that: 1) gave a clear representation with no perceived occlusion and 2) clearly visualized curve speed and direction information. These results provide quantitative support for some of the anecdotal evidence concerning visualization methods. The tasks and testing framework also provide a basis for comparing other visualization methods, for creating more effective methods, and for defining additional tasks to further understand the tradeoffs among the methods.
INTRODUCTION
There is little data about the relative merits of 3D vector visualization methods evaluated in the context of real-world tasks. This problem is recognized as a top visualization challenge [9] and knowledge from evaluations would inform working scientists and visualization researchers. Our aim in this project was to conduct a controlled study that contributed specific results and was extensible.
We present an instance in what should be a series of studies that investigates the problem of formally evaluating visualization methods. We intended to simulate an exploration scenario where the scientist did not know the answer or ideal visualization parameters in advance. Given a correct answer, it is often possible to select visualization methods and parameters leading to a very effective visualization. Our interest in this study was evaluating visualization methods that could help scientists in the discovery process.
As with any study of this type, we made a number of experimental design decisions, some of which we might have made differently knowing the results. Nonetheless, we feel that the results have the potential to inform the development of effective visualizations and their evaluation.
The two main challenges to designing the study were defining "realistic scenarios" which consist of data and tasks, and choosing which visualization methods to investigate in the study. Participants completed several instances of five simple, but representative tasks involving critical points (CPs), advection, swirling movement, and comparing speed. While these are not a complete set of vector visualization tasks (e.g., they do not test vorticity), they do cover an important range of vector field analysis tasks. Expert flow scientists who have piloted or participated in our study agreed they are relevant tasks. Pilot studies have revealed these tasks are challenging for both novice and flow experts. We used prior work to help identify promising methods as well as methods motivated by those used in production tools like TecPlot [1] and ParaView [2] . Specifically, we varied viewing conditions (stereoscopic and monoscopic) and integral curve rendering (lines and tubes) across five tasks. Dependent variables were completion time, accuracy, confidence, and subjective responses.
Our expectations were:
• The tube method would outperform the line method,
• Stereo viewing would outperform mono viewing, and • The combination of tube and stereo representation would be best.
Our results indicate the methods vary in performance across tasks. The mean time was always faster for LS. Some monoscopic methods were more accurate for "Type of CP?" and "Is swirling?".
Our main contribution is the results from a formal study comparing four visualization methods for five tasks. 
RELATED WORK

Visualization Methods
Many methods and techniques have been developed and combined to visualize 3D vector fields. All production-use visualization systems such as TecPlot [1] or [2] offer methods to visualize 3D curves using glyphs, lines, or surfaces. Methods commonly visualize curves derived from a 3D vector field using surfaces, glyphs, textures, and animation. Derived data like λ 2 [6] may be visualized to help find features of interest like swirl. Some discuss visualization needs with artists (expert visual communicators) who then help design an effective visualization [3] . Our work relates to these in that we aim to evaluate methods motivated by these and that are distinguished by effective demonstration in earlier studies or by broad use (e.g., methods used by popular visualization softwares). Our work is a mechanism for helping evaluate their efficacy.
Human-centered displays
Enhanced displays offer stereoscopic viewing, high field-of-views, and high-resolution promise to make complex 3D data easier to understand by more closely impedence matching the human visual system [12] [4][10] [11] . Our work relates to this in that we compare monoscopic and stereoscopic viewing in our study.
Evaluation
There are several examples of evaluation of 3D vector visualization methods. Some work has developed visualizations and tested them for specific applications [8] . Some evaluations seek to identify generally important tasks and evaluate multiple methods Laidlaw-2005 . As a result of head-to-head comparisons with line representations, tubes have been recommended for representing 3D lines such as in Ware's earlier study that found "even without stereo and motion depth cues, tubes allowed for surprisingly accurate judgments. Thus the strongest recommendation that comes from this study is that tubes should be used to render 3D pathlines or streamlines." [11] . Our work relates to different aspects of each of these examples in that we aim to evalute in methods for 3D vector field visualization and to verify prior results in an more realistic context and at a display representative of today's computer systems.
METHODS
Experimental Design
We used a 2x2x5 within-participant design with the following independent variables: method (line and rube), viewing condition (mono and stereo), and task (5 instances).
Apparatus
The apparatus consisted of two stereo displays (Mitsubishi Diamond Pro 2070SB, 22" display, 1280x1024 resolution per display, approx. 83 dpi) arranged as a left and right monitor (see Figure 1 . The frame rate was 15 fps. Each display has 1280x1024 pixels with a display area of 16 x 12 inches giving an individual pixel size of 0.012 inches (0.03 cm). Head-tracking was not used in this study. Participants sat in a standard desktop chair and viewing distance was 1.5 feet, although viewers were free to move their head closer or further as they normally could and we estimate the viewing distance from the display could vary between 1 -2 feet. Thus, the visual angle per pixel could vary between 3.44 minutes of arc (1 foot viewing distance) and 1.72 minutes of arc (2 foot viewing distance).
Participants wore StereoGraphics active shutter glasses for both monoscopic and stereoscopic viewing conditions to make display parameters like brightness constant. The left monitor displayed the trials and the right monitor was used for the "Type of CP?" trial to display for reference the CPs show in Figure 4 .
Participants rotated the dataset about the X and Y axis relative to the screen using the cursor keys. Answers were given by typing keys on the keyboard. The room was darkened to provide a clearer view of the display, but indirect lighting helped illuminate the keyboard buttons succiently when viewed through stereo glasses.
Conditions
Stereoscopic viewing : (2) In the stereo viewing condition views were generated for each eye assuming an eye separation of 2.5 inches. For the monoscopic condition, the views presented to each eye were identical.
Integral curve renderings : (2) All trials visualized a set of integral curves computed from a 4x4x4 array of seed points spaced regularly through the volume. There were two rendering methods for the integral curves: a) 1-pixel wide lines and b) Textured, lit tubes 8 pixels in diameter (see Figures 3 and 2 , respectively).
For both methods integral curves were colored such that similar curves have a similar color [5] . In addition, each method draws geometric glyphs along the curve and space them proportional to the magnitude or speed of the vector field at that location-the larger the gap between shapes, the faster the vector field is along that segment of the line. The shapes themselves are arrow-like and indicate direction of movement along the line.
Tubes were shaded by two directional lights: a "headlight" shining in the direction of the virtual camera's viewing direction and at the world-space location (-5, -5, -2) (at the start of each trial the light is "over the viewer's shoulder"). (Note that the volume is centered at the world origin and has a bounding volume of (-1, -1, -1) to (1, 1, Fig. 2 . A screengrab of the lines method. 1-pixel wide lines represent a set of integral curves seeded on a 4x4x4 regular grid for each dataset. Lines are colored such that similar curves have similar color. Arrow-like glyphs indicate direction and speed-the larger the gap between glyphs, the faster the vector field at that point. Fig. 3 . A screengrab of the tubes method for the same dataset shown in Figure 2 . Surface shading, glyphs, surface texture, and "halos" around tubes provide spatial cues. Glyphs and arrows on the surface texture are spaced proportional to speed.
1)
.) The tube surface was textured with an arrow texture that encoded the local speed and direction of the vector field. At a larger scale, "feathers" like those on an archer's arrow were drawn on the tubes to reflect speed and direction just as the arrows do in the lines method. Finally, the tubes also had a black halo around to help emphasize the front-to-back ordering of tubes.
Pilot studies
We ran a series of pilot studies to determine parameters for the visualization methods. First, one person explored the parameter space and tuned variables like tube thickness, glyphs spacing, glyphs scale, texture shape, texture scale, texture spacing, etc. to good settings for that individual. Then for each parameter we performed a "wedge" by looking as a group of four at a range of parameters neighboring each setting selected by the individual. Scores were assigned for each variable and we ultimately selected the average value for each parameter.
A difficult decision was what degree of interaction to allow because while interactivity is a vital element of data visualization it can confound formal user study results. A highly-interactive system allows for many usage patterns, more training, and the development of different strategies by users. Because our main interest for this instance of the study was to learn about visual performance we minimized user interaction. At first, participants could only rotate about the Y-axis but many requested rotation about the X-axis too and so it was added too.
Tasks : (5) There were five tasks. Our tasks are aimed at testing how well subjects understand "chunks of 3D flow". Informally, understanding "chunks of 3D flow" is the commonality we have noted after discussing for multiple years 3D flow tasks and developing visualization methods in collaboration with fluids researchers. While the flow experts are often searching for different scientific features from each other and often only answer what they look for given a statement of "what is the problem", our best general explanation of a flow scientist's task when visualizing 3D flow fields is to varying degrees they all explore or study a localized point itself often in considering the neighborhood around a region of interest. Finding and describing many common flow features fit this categorization including swirling flow, stagnation points, vortices, flow separation, flow reversal, highresidence time, and horseshoe-vortices. 3D flow scientists sometimes reduce their problems to 2D visualization or quantitative analysis, and in the context of this paper we consider that is a different problem from 3D flow visualization.
Specifically, the five tasks were:
• Task All tasks were binary choices except for Task #2 which involved picking one of eight CPs (see Figure 4) . The total number of conditions was the product of the above 2x2x5=20. Participants performed 4 instances of each condition (2 for each of the possible binary answers) except for conditions involving task #2 for which participants performed 2 instances of the 8 possible answers-pilot tests showed more instances would have been too fatiguing. Thus the total number of trials was 2x2x4x4 + 2x2x8x2 = 128 trials. Fig. 4 . The eight types of critical points participants had to identify in the study. During a training phase, this figure was explained to participants. "In" and "out" refers to whether the vector field moved in towards or out from the CP relative to each eigenvector axis. Attracting and Repeling refers to whether spiral movement, respectively, is moving towards or away from the CP.
Datasets
Each trial consisted of a dataset and visualization method pairing. In pilot studies we observed that task difficulty sometimes appeared to be a function of the dataset, so we wanted to ensure that all participants saw the same visual stimuli and using an ordering determined by Latin squares would prevent any ordering effects.
We required a controlled set of stimuli to perform this study. We genereated 1000 3D vector fields and then selected a subset of 128 for use in the study (see details below). We use 3D vector fields generated from a Gaussian-based radial basis function (RBF). Detection and classification of critical points were conducted using Newton method and eigen-analysis. Each dataset had between one and four CPs.
A total of eight first order critical points were found including two node types, two saddle types, and four spiral types (see Figure 4 . We removed vector fields that did not have between 1 and 4 critical points. Pilot studies [citation removed for anonymous review] suggested that the fields were complex enough to measure the effectiveness of visualization methods.
From the pool of 1000 datasets we selected datasets for each task satisfying the conditions below. We required CP's be located in the middle third of the dataset (i.e., the middle 27th of the volume) so there was more likely to be useful context around it. The following details the specific parameters used in our study for selecting datasets used with each task. The trial generation phase produced 128 trials. All subjects experienced the same trial conditions, but in an order determined by Latin squares.
The study preparation involved a task parameter tuning phase with the objective of causing participant accuracy to be on average about the midpoint between guessing and a perfect score. Through iterative testing we ultimately selected datasets and selected 3D points for the tasks (where applicable) using the following parameters per task: [-4, -3] , [1, 0] , [0, 1] , and [3, 4] . The majority of λ 2 values for all datasets were in the range [-7, 7] . 
User Interaction
User interaction was minimized in this study-participants could use the cursor keys on the keyboard to rotate the dataset about its X and Y axes.
Timing and Training
Participants first completed an IRB consent form and prequestionnaire. We then gave background information on 3D vector fields, integral curves, critical points, swirling, the tasks, and the visualization methods. Participants next completed the trials and events were logged to a data file. After completing the trials participants completed a post-questionnaire and there was a debriefing session.
All trials for a particular task were completed in series. Latin squares randomized the ordering of tasks and trials within each task across subjects. The average study ran 2.5 hours and participants took short breaks between tasks.
Participant Pool
Six female and fourteen male subjects participated in the study. The mean age was 25. 13 subjects were undergraduates, 4 graduate students, 1 geoscience research staff, 1 postdoc, and 1 faculty. Participant areas of specialty were applied math, biomechanics, computer science, geoscience, statistics, anthropology, environmental studies, and English. Three participants were experts in that they have a doctoral degree or were faculty and study vector fields on a regular basis. By running twenty participants we collected data on all combinations of the conditions. 
RESULTS
Discussion and details of the analysis follow, including thresholds and significance. F and p values computed with SAS's General Linear Model (GLM) procedure are shown in Table 2 . Tukey pairwise comparisons among dependent variables (e.g., visualization methods and participant rankings) are detailed in the subsections below. In the graphs and discussion we use the following abbreviations for the four methods: TM = tubes mono; TS = tubes stereo; LM = lines mono; and LS = lines stereo. All graphs show mean values with 95% confidence intervals. Only graphs showing significant differences are presented.
Quantitative and Subjective Summary
Across all tasks, participants finished trials significantly faster and with higher confidence using LS than all other methods (see Figure  5 ). There was no significant differences among the methods in terms of accuracy across all tasks. In the post-questionnaire, participants ranked LS most preferred, TS and LM second most preferred, and TM Table 1 . Differences as measured by time, accuracy, and confidence are shown based on SAS's Tukey pairwise comparisons. Only statistically significant differences are listed-missing entries denote no differences. The notation A > B indicates that method A was significantly more effective at the task than method B for the metric label at the top of the column.
LS > TM LS > TS LS > TS the least preferred for performing the tasks in the study (see Figure  6 ). Additionaly, participants ranked CP-TYPE the most difficult task, ADVECT the second most difficult, WHICH-FASTER the least difficult task, and both IS-A-CP and SWIRL were as difficult as both ADVECT and WHICH-FASTER (see Figure 7) . The summary statistics in Table 2 shows a high F value for the mean time by task-below we report performance differences for each method across the tasks. Figures 8 -13 show statistically significant differences in performance in terms of time, accuracy, and confidence for each task.
Quantitative Summary By Task
TM was the most accurate method for the IS-A-CP? and SWIRLING? tasks. For the three other tasks, all methods were equally accurate and LS was significantly faster. For the "Type of CP?" task, the mean accuracy was 46%. When we analyzed the performance at correctly identifying the category of CP type (i.e., node, saddle, and spiral) the mean accuracy was 83%.
Stereo vs Mono and Tubes vs Lines
To test for comparisons among stereoscopic and monoscopic viewing we grouped LS and TS into a single group "Stereoscopic methods (SM)" and LM and TM into a single group "Monoscopic methods (MM)". SM was significantly faster than MM for the "TYPE-OF-CP?" task (mean time 31.2 vs 28.0 seconds, respectively) and "WHICH- all tasks, the mean speed of SM was faster than MM. For the IS-A-CP task, the mean score of MM (86%) was significantly better than SM (66%) (F(1, 22) = 17.53, p < 0.0001).
Line-based methods were faster than tube-based methods for each task except IS-A-CP. Stereo-based methods were faster than mono-based methods for TYPE-OF-CP, ADVECTION, and WHICH-FASTER.
Stereo and Rotation
Participants spent significantly less time rotating datasets using SM than MM (mean 69.2% versus 76.3%).
Novice vs Expert
In terms of time, LS was significantly faster tham LM for experts. For novices, LS was significantly faster than all other methods.
In terms of accuracy, LS was more accurate than TS for novices. All other methods were comparable for both novices and experts.
In terms of confidence, novices were more confident in answers given using LS than LM or TM. Experts were more confident with LS than TM.
Debriefing
In a debriefing session participants generally thought the tubes occluded neighboring and more distant tubes and that that made the tasks harder. Many participants commented on the "costs" associated with stereo viewing such as having to wear the glasses and perceiving a flickering on the display. Several participants said they were not consciously aware which methods were displayed stereoscopically versus monoscopically. When asked if participants did this kind of work professionally (i.e., every day for hours) the majority said they would like to use LS, though some noted that because of the ergonomics of stereo viewing such as the weight of the glasses they would use a monoscopic visualization and stereoscopic visualization for the hard tasks. Some participants said they liked the lines method with or without stereorotating was most important.
Feature ratings
In the post-questionnaire, participants rated the features of the visualization methods on a scale of 1 (did not make a difference) to 7 (made a significant difference). See Figure 14 . The ability to rotate the dataset was rated highest. Stereo and the glyphs were rated next most important. Integral curve coloring was given the next highest ranking. The tube surface textures were rated lowest, but with the most variance.
Participant suggestions to improve methods
In the debriefing we asked participants if they had ideas to improve the visualization methods. Frequent or unusual suggestions were:
• Reduce the radius of the tube 
DISCUSSION
Our expectations were that for completing the five tasks by studying visualizations of 3D vector fields that the tube methods would outperform the line methods, that stereo viewing would outperform monoscopic viewing, and that the TS method would be best. Our data did not agree with these expectations. No method performed best overall for all tasks and while LS generally finished the tasks faster and participants ranked the LS method highest, it was not more accurate. The following subsections discuss specific points about this study.
Lines and tubes
LS performed best considering all metrics and participants ranked that method highest for this study. This contradicts earlier work that found tubes performed best. We might have expected our tubes to perform well since it had more 3D cues such as shading, surface texture (conveying both data information as well as aiding the visual system to identify disparity between left and right images for the stereo conditions), and halos. It might be further surprising that LS performed best because we used non-lit lines representation which could be expected to perform worse than a line representation with more 3D cues like illuminated streamlines.
Based on participant comments, the explanation may be primarily due to the lines offering a clearer view of the data in that they did not occlude each other like the tubes did.
Our results are not in agreement with Ware's study [11] . One obvious difference is the fidelity of the displays used. A higher resolution display may have improved the perception of the tubes. This would not, however, have necessarily addressed the occlusion issue. We visualized 64 tubes per trial where as Ware's study visualized 1. Ware estimated on a conventional screen his study's 0.5 mm tube would be 2-3 pixels wide. Our tubes were about 7-8 pixels wide.
Accuracy
Two particularly surprising results were that LM was so accurate for the "Is a CP?" task and that TM was more accurate than LS for the "Is swirling?" task. For the former, our working hypothesis is that "Is a CP?" may be a 2D pattern matching task-but if that is the case it is unclear why the other visualization methods were less accurate. Monoscopic methods (both TM and LM) had a mean accuracy of 85% and stereoscopic methods (LS and TS) the mean accuracy was 66%. In the case of "Is swirling?", we think the task may be a "low resolution" task-that is, the clarity participants reported LS offered was not critical for that task and the thick tubes helped emphasize swirling patterns and may have led to the higher accuracy.
Seeding strategy
The 4x4x4 array of seed points spaced regularly through the volume is a simple seeding strategy. It was demonstrated to work effectively in general for similar tasks on 2D vector fields [7] . We believe it worked well for a first view, but participants said sometimes they wanted more lines or an additional specific line. Because we were simulating an exploration task we could not make seed placement a function of the correct answer. It would be interesting to further research and compare seeding strategies to discover whether any are more effective for exploration. Similarly, as mentioned earlier the specific study design used here did not provide user control for adding integral curve seed points because we were most interested in participant response to the visualization methods rather than seeding strategies of individuals and the efficacy of 3D interaction techniques-however, both of those topics are of interest for further research in the context of this study.
Defining swirling
We instructed participants to look for patterns like water going down a drain. To try to determine whether the point indicated by the marker was part of a rotating region that had a center point within itself. Many participants accepted this definition and during the training became comfortable answering the question. Many participants said their strategy was to study the visualization and use their intuition to answer the question. However, a few participants had many questions about the definition and wanted a more specific definition of swirling. After some discussion, one participant finally asked for an example of a region that was not swirling. Further research to communicate verbally and visually the important feature "swirling" would be useful.
Feedback on tasks by Experts
In the debriefing section we asked participants whether the tasks were important and if they would suggest other tasks. The experts all felt the tasks were relevant for their work. One suggested incorporating geometries and later sent an image of the kinds of 3D vector fields he studies 15. As part of this meeting we discussed λ 2 further and our vector fields-see the following subsection.
λ 2 and divergent flow
Our datasets are not guaranteed to be non-diverging flow. We recognized late in the project that Hussain's λ 2 value may not accurately identify swirling movement in the vector fields we used. Visually, however, we observed that swirling-like movement had negative λ 2 values and non-swirling movement had positive λ 2 values.
Line representations
We used the "color similar curves similar colors" coloring scheme [5] because in pilot studies subjects said it made datasets "more approachable" than uniform or randomly colored tubes.
We also considered using illuminated streamlines [13] , but we reluctantly excluded it because of practical constraints on the scope of the study. We also were interested in the baseline performance of a line representation with no lighting cues, which presumably would perform worse than illuminated streamlines for 3D tasks.
The tube texture is admitedly at the threshold of perception. Through pilot studies and a "wedge" review evaluating a range of tube parameter settings we optimized the texture by eventually reducing the tube radius to minimize occlusion while retaining a thick enough tube so the texture was just visible for the tasks. As a result of this optimization process, at some distances the arrow in the tube texture is inscrutible although one participant in the "wedge" review pointed out that even if the arrow was not visible there were salient information in the texture to judge speed. While most participants said they did not use the surface texture, a few participants reported that they did use the surface texture for some tasks. Furthermore, independent of helping judge speed and direction, the texture may have had subconscious benefits for stereo viewing in terms of helping determine disparity between features in the left and right images.
A thin streamline representation was selected because many production applications use it. A tube representation was selected because it has performed well in earlier studies [11] . Textured tubes were of particular interest due given Ware's recommendation, "Even without stereo and motion depth cues, tubes allowed for surprisingly accurate judgments. Thus the strongest recommendation that comes from this study is that tubes should be used to render 3D pathlines or streamlines." Furthermore prior work has encoded data like speed and direction onto textures. We included monoscopic and stereoscopic viewing conditions to help test whether our natural ability to perceive the world stereoscopically made a difference [10] . Fig. 15 . An example of a 3D vector field a subject provided after participating in the study to illustrate current challenges he faces in understanding 3D vector fields. (Image credit witheld for anonymous review).
Accuracy
In a discussion of the results with fluid analysis experts they said that in the end accuracy is the most important metric for their research, so in that sense for some tasks (like identifying swirl and determing if the vector at a point has zero magnitude) our data indicates monoscopic visualizations will be more accurate under the conditions we tested than stereoscopic visualizations.
Stereo coupled with inteaction
One hypothesis future studies could explore is that stereo visualization alone may not provide a really significant performance increase until it is coupled with 3D interaction. For example, if this study was repeated but participants could use a 3D input device to specify additional seed points, then we might expect the stereo methods to outperform monoscopic methods because of the coupling of stereo viewing and 3D interaction.
CONCLUSIONS
Across trials, stereoscopic viewing and a thin line representation helped participants complete trials significantly faster than the other visualization methods. In this study, participants liked the combination of a clear visualization and stereoscopic viewing, although stereo viewing did not generally improve their accuracy.
Visualizations based on tubes should use a tube radius that does not lead to perceived occlusion among neighboring and more distant tubes and objects.
Participants rated the ability to rotate the dataset interactively the most important feature for completing the tasks in the study. Furthermore, participants believed they would prefer variable control rotation over fixed speed rotation.
Encoding direction and speed on a tube surface texture using our parameters was not useful for participants-the texture was too hard to see.
In this type of study, we made a number of experimental design decisions, some of which we might have made differently knowing the results. Nonetheless, we feel that the results have the potential to inform the development of effective visualizations and their evaluation.
